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I .  Outline of Proposed Program 

I t  i s  general ly  agreed tha t  energy re leased  i n  a s o l a r  f l a r e  i s  

derived from magnetic f ie lds  and t h a t  a l a rge  f r a c t i o n  of t h i s  energy 

goes i n t o  acce lera t ing  pa r t i c l e s .  Most of the observed r ad ia t ion  w e  

rece ive  is a product of the  in t e rac t ion  of these  p a r t i c l e s  w i t h  coronal 

and chromospheric plasma. Thus t he  determination of l oca t i an  and 

mechanism of p a r t i c l e  acce lera t ion  is e s s e n t i a l  f o r  the  understanding 

of s o l a r  flares. Although some progress i n  gross  f e a t u r e s  of accelera-  

t i o n  has been made, t h e  d e t a i l s  a r e  a l l  a mat ter  of considerable  

speculat ion.  

I n  order  t o  obtain f u r t h e r  i n s i g h t  i n t o  the  acce lera t ion  problem, 

we  have come t o  the view t h a t  i t  i s  des i r ab le  t o  examine a small number 

!of f l a r e s  i n  g rea t  detail .  Our a i m  is  t o  accumulate, f o r  each f l a r e ,  

as much observat ional  data  a s  possible .  For each type of rad ia t ion ,  w e  

would then hope t o  es t imate  the p a r t i c l e  f l u x  which must have been 

produced t o  cause t h i s  rad ia t ion .  In  t h i s  way, we would hopefully a r r i v e  

a t  es t imates  of p a r t i c l e  f luxes produced a t  var ious s t ages  i n  the  

evolut ion of t h e  f l a r e .  I f  such an ana lys i s  were c a r r i e d  through f o r  

a number of f l a r e s ,  the  r e s u l t i n g  information should show whether two 

, or  more phases of acce lera t ion  (as proposed e.g. by de Jager, 1969) 

are required t o  explain t h e  overa l l  p rope r t i e s  of f l a r e s  and i t  should 

* a l s o  show what the  main fea tures  of each phase of acce le ra t ion  appear 

t o  be. 

In t h i s  study, we propose t o  draw upon observat ional  data,  e spec ia l ly  

x-ray data,  obtained by experimcnts on board the  OSO-3 spacecraf t .  In 

addi t ion,  w e  a r e  obtaining information from other  spacecraf t  and ground- 

based observator ies .  For each f l a r e ,  w e  s h a l l  check t o  see whether a 
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gamma-ray event was r eg i s t e red  by the  Vela spacecraf t .  W e  s h a l l  a l s o  

examine the par t ic le -event  catalog compiled by Van Hollebeke, Wang 

and McDonald (1974). W e  s h a l l  a l s o  obtain magnetograms, HCX p a t r o l  

records and r ad io  da ta  from ground-based observator ies .  

Br ie f ly :  Direct  observatjon of p a r t i c l e s  a t  the  o r b i t  of e a r t h  

give ixformation about t h e  f lux  and spectrum o f  p a r t i c l e s  escaping the  

corona. Gamma-ray da ta  w i l l  give information about t h e  acce le ra t ion  

of ions.  The hard x-ray data  provides the  most d i r e c t  information about 

t he  acce lera ted  e lec t rons ,  i n  p a r t i c u l a r  when in t e rp re t ed  i n  t e r m s  of 

t h e  th i ck  t a r g e t  model, such as t h a t  developed a t  Stanford (Petrosian,  1973). 

With t h i s  i n t e r p r e t a t i o n  the hard x-ray da ta  provides good estimates of 

t h e  e lec t ron  f l u x  and spectrum as a func t ion  of t i m e ,  independent of 

other parameters siicF as p l n s m a  d e n s i t y ;  macnef i c  field; etc, The 

s o f t  x-ray observations provide information on the  t o t a l  energy content  

and evolut ion of t he  quasi-thermal f l a r e  plasma which may manifest  t h e  

major f r a c t i o n  of t h e  f la re  energy. 

can be derived from the x-ray observations i s  the t o t a l  energy conten+ 

of the  plasma. 

The most important parameter which 

Combining t h i s  w i t h  the  s p e c t r a l  information from hard x-ray data,  

i t  is poss ib le  t o  es t imate  the low-energy cutoff  of t h e  e l ec t r cn  spectrum, 

an important parameter f o r  understanding the  acce lera t ion  mechanism. 

The XUV da ta  provide f u r t h e r  information concerning the  f l a r e  plasma, 

and UV da ta  may provide information concerning the  s ta te  of t he  t r ans i -  

t i o n  region during a f l a r e .  Since a l l  r ad io  emission i s  ascr ibed  t o  

high-energy pa r t i c l e s ,  r ad io  observations a r e  e spec ia l ly  valuable.  For 

example, microwave b u r s t s  w i t h  a temporal s t r u c t u r e  s i m i l a r  t o  t h a t  of 
- 
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t h e  hard x-ray bu r s t s  a r e  believed t o  be due t o  gyrosynchrotron rad ia-  

t i o n  and provide information about t hc  high-energy t a i l  of the  e lec t ron  

spectrum. Similar  information can be obtained from most Type I V  bursts ,  

bu t  these estimates are unfortunately s e n s i t i v e  t o  assumptions concerning 

the  magnetic f i e l d .  

I 
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11. Work i n  Progress 

a )  Analysis of November 5 ,  1970 Event 

W e  have se lec ted  the  November 5 ,  1970 event as the  f i r s t  candidate  

f o r  t h i s  ana lys i s .  This event w a s  chosen because of i t s  high s t r eng th  

i n  hard x-ray data  and because of t he  a v a i l a b i l i t y  of da ta  on p a r t i c l e  

events associated with t h i s  f l a r e .  In addi t ion  ?E the acqu i s i t i on  of 

x-ray da ta  from OSO-5, w e  have requested op t i ca l ,  UV, r ad io  and o ther  

x-ray da ta  concerning t h i s  event from various observator ies .  W e  have 

received some information and are waiting f o r  da ta  from a few other  

sources.  , W e  have t h e  following da ta  i n  d i g i t a l  form: hard and s o f t  

x-rays from OSO-5, EIJV and p a r t i c l e  energy spectrum. In addi t ion  w e  

q u i r e  extensive deciphering and manipulation. This ana lys i s  i s  i n  

progress.  The hard x-ray data, on the  o ther  hand, i s  simple t o  analyze.  

Consequently w e  have made progress i n  the  ana lys i s  of the  hard x-ray 

da ta  with regard t o  spectrum and temporal evolution of the  f l a r e .  

This event has one addi t iona l  i n t e r e s t i n g  f ea tu re .  F r o s t ' s  (1969) 

~ earlier ana lys i s  of t h i s  event i nd ica t e s  the presence of 26 sec o s c i l l a -  

t i o n s  i n  the  55-82 keV channel during the  f i r s t  few minutes of . .  t h e ,  

impulsive phase. Confirmation of such osc i l l a t ions ,  t h e i r  magnitude, 

and i n  p a r t i c u l a r  t he  presence or absence of o s c i l l a t i o n  i n  o ther  energy 

ranges, are very important for models of hard x-ray production. Conse- 

quent ly  w e  a r e  spectral-analyzing the  data  using t h e  maximum-entropy 

method, which has reso lv ing  power and s ignal- to-noise  r a t i o s  superior  

t o  o ther  s p e c t r a l  es t imat ions,  p a r t i c u l a r l y  f o r  s h o r t  da ta  samples. The 

r e s u l t s  of this ana lys i s  f o r  a period of 95 sec  around 0321 UT of t h ree  
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channels are shown i n  Figure 1, which shows sharp peaks a t  a period of 

about 27 seconds, and what appears t o  be a series of harmonics. The 

presence of the  27 sec o s c i l l a t i o n  i s  no t  so c l e a r l y  evident  a t  other 

t i m e  i n t e r v a l s .  

t h e  method of da ta  co l l ec t ion  m u s t  be considered. The measurements 

w e r e  cr-llected from the  r o t a t i n g  wheel of the  OSO-3 spacecraf t  by 

sampling the s o l a r  b u r s t  f o r  0.19 secs during every per iod of revolut ion 

As pointed ,out by Frost ,  when i n t e r p r e t i n g  the r e s u l t s ,  

of 1.91 secs. 

shorter per iods (- 2 sec  o r  0.19 sec) and the  sampling periods. 

harmonic s t r u c t u r e  would enable us t o  d i s t ingu i sh  between the l a t t e r  two 

p o s s i b i l i t i e s .  

I t  i s  therefore  poss ib le  t h a t  beats are occurring between 

The 

W e  are i n  the  process of re f in ing  t h i s  ana lys i s  and repea t ing  i t  

f o r  the o ther  channels and other time i n t e r v a l s  i n  order  t o  see whether 

such o s c i l l z t i o n s  occur simultaneously i n  a l l  channels, and i f  so what 

are the r e l a t i v e  amplitudes i n  the  d i f f e r e n t  channels. 

Such modulation of hard x-ray f luxes  can be due e i ther  t o  modulation 

of the accelerated e l ec t ron  f lux  during acce lera t ion  o r  t o  modulation 

during the  raaA?t;m phase. 

of bunches of p a r t i c l e s  trapped i n  a magnetic b.;ttle rooted i n  the 

chromosphere may explain the observed per iodic  modulation of the  hard 

x-ray f lux .  In  t h i s  model particles w i l l  r a d i a t e  mainly near their 

mirror  po in ts  where t h e  e lec t ron  dens i ty  i s  high. W e  have begun inves t i -  

ga t ion  of t h i s  problem. I n  t h i s  ca l cu la t ion  w e  w i l l  a l s o  determine 

the ex ten t  of beaming (toward t h e  chromosphere) of t h e  e l ec t rons  responsible  

f o r  t he  hard x-ray emission. Beaming of the  e l ec t rons  forms the basis 

f o r  t he  model described by Petrosian (1973), xhich agrees  w i t h  a l l  

a spec t s  of hard x-ray observation (Pctrosian,  1975). 

Coherent o s c i l l a t i o n  between mirror  po in ts  
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14-28 keV 

3.9 

Figure 1. Maximum entropy power spectra, scaled by ( s i g n a l  standard 
2 deviation)  . Samples of length 93 seconds were taken with a 

central t i m e  of 032l UT. 

given a t  the top l e f t  of each spectrum. 

apprbximately 6 units .  

The maximum spectral  density is 

The noise  l e v e l  i s  
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Another explanation of t h i s  modulation i s  suggested by the  be ta t ron  

model of Brown and Hoyng (1974). 

poss ib i l i t y ,  and i n  p a r t i c u l a r  s h a l l  determine i f  such s h o r t  per iods 

could be achieved by t h i s  mechanism. If t he  r e a l  period of the  modula- 

t i o n  tu rns  out  t o  be 2 or 0.2 seconds, t h i s  model can be ru led  out .  

W e  shal l  cllso inves t iga t e  t h i s  
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b )  

I n  general  t h e  x-rays produced during a f l a r e  w i l l  not  be omni- 

X-Ray Albedo of S t e l l a r  Atmosphere 

d i rec t iona l .  Pa r t  of t he  rad ia t ion  observed a t  the ea r th  w i l l  be due 

t o  the  d i r e c t  f l u x  bu t  t h e r e  w i l l  a l s o  be a component t h a t  i s  d i f fuse ly  

r e f l ec t ed  from the  photosphere. This r e f l e c t e d  component has been 

analyzed i n  otiier contexts  and may c m t a i n  up t o  30% of t he  f l u x  inc ident  

on the  photosphere (Santangelo e t  al., 1973; Basko e t  al.,  1974). 

r e f l e c t e d  component w i l l  have c h a r a c t e r i s t i c s  d i f f e r e n t  from the  d i r e c t  

r ad ia t ion  (energy spectrum, polar izat ion,  etc.) so i t s  inc lus ion  i n  the  

model w i l l  change the  predicted observat ions a t  t he  ear th .  

The 

The cont r ibu t ion  of the  r e f l ec t ed  component is s i g n i f i c a n t  i f  the 

electrons are beamed toward the photosphere as i n  t h e  model developed 

at S t a n f o r d  (Pptrncinn;  19?3). 

cen te r  of t h e  solar d i sk  and a t  high energies  where the  x-rays are 

d i r ec t ed  toward the  photosphere, t he  r e f l e c t e d  component may dominate 

t h e  d i r e c t  rad ia t ion .  

111 ml-~f- . . i . - .r  =-- ..------ c-,. --.. I.,...-*- "....I"" '---*-a A""U.Cb.u C A I .  - I  A T - -  C L l G  

A Monte Carlo procedure is being developed t o  f i n d  the  d i f fuse ly  

r e f l e c t e d  spectrum. The r e s u l t s  of t h i s  method are a t  present  being 

compared t o  c e r t a i n  solved problems i n  d i f f u s e  r e f l e c t i o n  (Chandrasekhar, 

1960) t o  gain f a m i l i a r i t y  with the  number of events  t h a t  must be 

generated t o  gain a des i red  accuracy. 

evaluate  the  r e s u l t s  obtained when t h e  procedure i s  used t o  p red ic t  

t h e  p rope r t i e s  of t h e  rad ia t ion  r e f l e c t e d  from an appropr ia te  model 

photosphere. 

This knowledge w i l l  be used t o  
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c)  Model of Evolution of F l a r e  Plasma 

A simple model has been proposed (Sturrock, 1973) which leads t o  

simple est imates  of the temperature and emission measure of f l a r e  plasma 

produced by reconnection i n  a highly idea l i zed  model. Formulas a r e  

obtained which relate the  temperature, emission measure ar.d l i f e t i m e  of 

t h e  f l a r e  piasmil t o  the  magnetic f i e l d  s t r eng th  aiid t o  the  length of 

t h e  f l u x  tube under considerat ion.  This model has been f u r t h e r  analyzed 

by Moore and Datlowe (1975), who have extended the  model and compared 

i t s  p rope r t i e s  with a l a rge  number of f l a r e s  observed o p t i c a l l y  by the 

Big Bear Observatory and, i n  x-rays, by the UCSD experiment on OSO-7. 

Their ana lys i s  shows t h a t  the model agrees  w e l l  with the  data .  

This success ind ica t e s  tha t  i t  would be p r o f i t a b l e  t o  develop the 

s h e l l s  are f i l l e d  with f l a r e  plasma, beginning with small  low-lying 

s h e l l s  and progressing t o  la rge  s h e l l s  high i n  the corona, We propose 

t o  make an ana lys i s  of t he  evolution of a f l a r e  i n  such a magnetic-field 

configuration, using the same physical assiimDtions and mechanisms a s  

proposed i n  the  very simple treatment given i n  t h e  Coddard Symposium 

(Sturrock, 1973), bu t  developing the  ana lys i s  t o  apply t o  the  gradual 

evolution of a l a rge  f l a r e  i n  an extensive magnetic f i e l d .  

As a f u r t h e r  extension of t h i s  model, w e  may consider t h a t  the  

i n i t i a l  energy r e l ease  goes primarily i n t o  an e lec t ron  stream which 

gives  r ise t o  an impulsive x-ray burs t .  A given model would then lead  

t o  expected t i m e  behavi-or of the hard x-ray emission, of the s o f t  x-ray 

emission, and possibly the fKll emission i f  t h e  method of exc i t a t ion  of 
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t h i s  r ad ia t ion  can be determined. W e  see th ree  p o s s i b i l i t i e s :  one i s  

t h a t  t h e  H a  r ad ia t ion  i s  due primarily t o  bombardment of the  chromosphere 

by the i n i t i a l  e lec t ron  stream; the second p o s s i b i l i t y  i s  t h a t  the 

r ad ia t ion  i s  due pr imari ly  to  heat  conduction from t h e  hot  thermal 

plasma; a t h i r d  p o s s i b i l i t y  i s  that  Ha r ad ia t ion  i s  due t o  the  exci ta-  

t i o n  of the  chromosphere r e su l t i ng  from i r r a d i a t i o n  by x-rays produced 

i n  the  coronal f l a r e  plasma. 

Development of t h i s  model along the  above l i nes ,  and comparison 

with observat ional  da ta  derived from the  OSO-5 experiments and comple- 

mentary data,  w i l l  provide a fu r the r  test of the  bas i c  ideas  underlying 

t h i s  f l a r e  model. I f  comparison w i t h  data  j u s t i f i e s  t h e  model, w e  should 

then be a b l e  t o  e x t r a c t  f u r t h e r  information concerning the  mechanism 

of p a r t i c l e  acce lera t ion  i n  so l a r  f l a r e s .  

10 



References 

Brown, J . C . ,  and IIoyng, P. 1974, prepr in t .  

Bruzek, A. 1964, Astrophys. J., - 140, 746. 

Chandrasekhar, S.  1960, Radiative ?'ransfel* (Dover Publ icat ions,  New York) . 
de Jager, C. 1969, i n  Solar Flares and Space Research (North-Holland, 

Amsterdam), p. 1. 

Frost ,  K . J .  1969, Astrophys. J. Letters, - 138, rJ-59. 

Moore, R .  M., and Datlowe, D. 1977, Solar  Phys. ( i n  p r e s s ) .  

Petrosian,  V .  1973, Astrophys. J., =, 7 Q L  on1 cy-. 

. 1975, Astrophys. J., 197, 235. 

Santangelo, N . ,  Horstman, H.,  and Horstman-Moretti, E. 1973, Solar  Phys., 

- 29, 143. 

Sturrock, P.A. 1968, i n  Structure  and Development of Solar  Active Regions 

(Reidel,  Holland), p.  471. 

. 1973, proc. Symposium on High Energy Phenomena on the  Sun, 

(NASA sp-342), p. 3. 

Van Hollebeke, M.A., Wang, J . R . ,  and McDonald, F.B. 1974, A Catalogue 

of Solar  Cosmic Ray Events IMPS I V  and V (May 1967 - December 1972). 

11 


